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Introduction 1
Many pathogens possess their own genomes that can change the nature of the host, while 2 vertebrates defend against microbial invasion using sophisticated microbial recognition systems. 3
The representative recognition systems for signaling the presence of invading pathogens are 4 known as innate and acquired immunity. In jawed vertebrates, including mammals, these 5 systems have been characterized at the molecular level, with details of the acquired immune 6 system having first emerged from ancient cartilaginous fish [1] [2] . The acquired immune system 7 is characterized by the actions of highly variable peptide-antigen receptors, such as 8 immunoglobulins and T-cell receptors. Recent progress on the study of the innate immune 9 system, involving dendritic cells (DCs) and pattern-recognition receptors (PRRs), has revealed 10 that its activation precedes the acquired immune system. PRRs are now a focus of study due to 11 recent elucidation of the ligand properties of Toll-like receptors (TLRs) and TLR-mediated DC 12 maturation. Accumulating evidence regarding TLR-mediated DC maturation has helped us 13 solidify the current understanding that TLRs facilitate driving effector cells by maturation of 14 antigen (Ag)-presenting DCs. Accordingly, Ags determine the object toward which immune 15 cells are proliferated whereas microbial patterns determine which effectors are selected for 16 immunological output [3] . 17
Recent findings have indicated that lamprey possesses a unique acquired immune system 18 involving variable lymphocyte receptors (VLRs) and the lymphoid system [4] . In agnathans, 19 which includes lamprey and hagfish, clonally diversed receptors are generated by the assembly 20 of genes for VLRs, which are comprised of leucine-rich repeat (LRR) subunits similar to TLRs. 21
The variable VLR gene products consist of soluble forms and GPI-anchored membrane forms 22 similar to antibodies and antigen-receptors [4] . However, no relationship between lamprey TLRs 23 and VLR-based acquired system has yet been reported. 24
TLRs with similar host-defense functions to drosophila Toll protein [5] have been 25 identified in mammals [6] . TLR is a type-1 membrane protein consisting of an LRR extracellular 26 domain, a transmembrane domain, and a C-terminal Toll/IL-1 receptor homology domain (TIR). 27
TLRs recognize pathogen-associated molecular patterns (PAMPs), which are characteristic of 1 microbial structures, and induce anti-microbial responses [7] . In the human genome, 10 TLR 2 members have been indentified and their functions determined from analyses of TLR-deficient 3 mice [7]: the TLR2 subfamily recognizes bacterial cell wall peptidoglycan and acylated 4 lipopeptides, TLR4 recognizes Gram-negative bacterial lipopolysaccharides, TLR5 recognizes 5 bacterial flagellin, while TLR3, 7, 8, and 9 recognize microbial nucleic acids. 6
Mouse TLR stimulation results in signal through one of five adaptor proteins (MyD88, 7 TIRAP/MAL, TICAM-1, TICAM-2 and SARM) [8] . All TLRs with the exception of TLR3, can 8 signal through the adaptor molecule MyD88. MyD88 recruits members of the interleukin-1 9 receptor associated kinase (IRAK) family which in turn activate the key ubiquitin E3 ligase, 10 tumour necrosis factor receptor-associated factors (TRAFs) and transforming growth factor-β 11 (TGF-β)-activating kinase (TAK1), leading to the activation of the transcription factor NF-κB 12 [7, 8] . The activated NF-κB is translocated to the nucleus and induces expression of 13 inflammatory cytokine genes such as IL-1β and IL-6. In contrast, TLR3 recruits the adaptor 14 molecule TICAM-1, leading to activation of interferon (IFN) regulatory factor-3 (IRF-3) and 15 induces an anti-viral response through expression of type I IFN and IFN-inducible genes [8, 9] . 16
Although the MyD88 pathway is conserved in a wide range of vertebrates, whether or not the 17 TICAM-1 pathway is conserved in lower vertebrates is still controversial [9] . 18 Advances in whole genome sequencing and annotation have enabled the identification of 19
TLRs from several vertebrates, including osteichthyes fish (fugu) [10] , amphibian, (frog) [11] , 20 bird (chicken) [12] and mammals (human and mouse). Comparison of the TLR families across 21 the vertebrate species has revealed that water-living vertebrates possess TLR14, 21 and 22, in 22 addition to the mammalian-type TLRs [13, 14] . Our earlier studies speculate that the TLR 23 repertoire was established during evolution in a species-specific manner in jawed vertebrates 24 depending upon their living environment, such as water or land [10, 11, 15] . On the other hand, 25 some invertebrates, the sea urchin and amphioxus, possess a large number of TLRs [16] [17] [18] [19] , 26
while Ciona intestinalis has only 2 functional TLRs [32] from their genome projects. Thus, what 27 happens in the TLR system lamprey is of interest in tems of the evolution. 1
Our previous study identified two lamprey TLRs, named laTLR14a and 14b, by 2 PCR-based cloning using sequences of TLR2 from various animals [21] . However, no 3 conclusive identification of TLRs in the lamprey genome had been made until recently. Here, we 4 surveyed the amino acid sequences of predicted TIR-containing proteins from the latest 5
Petromyzon marinus genome database (Pre-Ensemble Lamprey Genome Browser) and NCBI 6 trace archive, and the predicted protein sequences of the lamprey TLRs and their respective TIR 7 domains were subjected to comparative analyses using the NCBI non-redundant protein 8 database and BLASTP search. Ultimately, we determined the repertoire of predicted lamprey 9
TLRs in this report. 10 11
Materials and methods 12
Identification of TLR and innate immune genes in the Petromyzon marinus genome. 13
Sea lamprey (P. marinus) EST sequences were retrieved from the NCBI trace archive 14 (http://www.ncbi.nlm.nih.gov/Traces/trace.cgi) and a private database was constructed using the 15 GENETYX-PDB program package (version 5, GENETYX Corporation). This database, and the 16 EST database from NCBI, was searched with the TBLASTN program using putative amino acid 17 sequences of lamprey TLRs and innate immunity genes from previously annotated human and 18 fugu TLRs [10] . The genes that were not found by these analyses were searched with the 19 An adult Japanese lamprey (L. japonicum) was used to analyze the differential expression 5 of L. japonicum TLR (LjTLR) mRNAs in various tissues. This is because 1. we have no sea 6 lamprey (P. marinus) in Japan, and 2. L. japonicum belongs to Petromyzoninae, the same family 7 as P. marinus. Although we have no genome database of L. japonicum, it is expected that the 8 genome of L. japonicum has highly homologous to that of P. marinus. For the analysis, 100 mg 9 of each frozen tissue was homogenized and total RNA was extracted using an RNeasy mini kit 10 (Qiagen). One µg of total RNA was treated with RQ1 RNase-free DNase (Promega) and 11 reverse-transcribed with M-MLV RTase (Promega) using random primers. For amplification of 12 TLR and innate immunity gene cDNA fragments, PCR reactions were typically performed by 13 denaturation at 94°C for 2 min followed by 30-45 cycles of 94°C for 30 sec, 50-60°C for 30 sec, 14 and extension at 72°C for 30 sec using Ex-Taq polymerase (Takara) (each primer set and PCR 15 condition are listed in Table 3 ). The size of the cDNA fragments were confirmed using 16 electrophoresis with 3% agarose gels. All amplicons were cloned into vectors using the 17 pGEM ® -T Easy Vector System (Promega) or TOPO TA Cloning System (Invitrogen) and their 18 sequences were determined using an automated sequencer. 19 20
Lamprey blood cell stimulation 21
Blood cells were separately collected from each individual of lampreys (L. japonicum) one 22 day after arrival. Peripheral blood leukocytes (PBLs) were drawn from the severed tails of fish 23 into PBS containing 30 mM EDTA. Buffy-coat leukocytes were collected by centrifugation for 24 30 min at 1500 rpm. The cells were incubated with polyI:C and heat killed Escherichia coli (E. 25 coli) as indicated in Fig. 5 and allowed to stand for 3h or 6 h. Then, total RNA was extracted 26 using an RNeasy mini kit (Qiagen). RT-PCR was performed as described above. query sequences. Ultimately, 20 genes predicted to encode typical TIR domains were identified 10 (Table 2) , of which 16 harbored multiple LRRs and were therefore defined as lamprey TLR 11 proteins (pmTLRs) (Fig. 1 ). The other 4 proteins were defined as TLR adaptor-like proteins 12 since they are similar to MyD88, TICAM or SARM. 13
Based on the Genscan ID and EST accession numbers, the contig positions and E-values 14 for the 16 pmTLR proteins were determined, and each protein was annotated based on their most 15 likely TLR homolog (Table 2) . Sea lamprey pmTLR14a and pmTLR14b were most 16 homologous to Japanese lamprey laTLR14a (ljTLR14a) and laTLR14b (ljTLR14b), respectively, 17 which we previously identified [21] . An additional two genes, pmTLR14c and pmTLR14d, 18 encoded paralogs of ljTLR14a and b, and were more homologous to zebrafish TLR18 than any 19 other TLR family member. Additionally, we found four TLR2-like genes formed a unique 20 cluster independent of the clade of the mammalian TLR2 (Fig. 2) . Therefore, we designated 21 these pmTLR genes TLR24a-d, which represent a novel TLR2 subfamily. TLR2c and d both 22 localized to contig 1344, suggesting a cause of gene duplication, however, the presence of an 23 ambiguous gap between the two genes deterred us from concluding that they originated from a 24 tandem duplication. It is notable that the TLR7/8, TLR14, and TLR21 genes were mapped to 25 distinct contigs. Although pmTLR2c appeared to be an ortholog of Canis lupus TLR6, its 26 functional similarity to mammalian TLR6 could not be determined. Lamprey possessed 27 orthologous genes for TLR3, TLR5, TLR7, and TLR8 but not for TLR4 or TLR9. In addition to 1 the M-type TLRs, three TLR21 and a single TLR22 orthologs classified as F-type TLRs were 2 identified in the lamprey genome database. Taken together, the phylogenetic analyses revealed 3 that sea lamprey has a TLR system comprised of an incomplete set of M-type and full F-type 4 TLRs, as in fish ( Fig. 1) . 5
Although many animal TLR genes are predicted to be intronless [13], Takifugu rubripes 6 TLR genes has been reported to contain introns and be dispersed over wide regions on a variety 7 of chromosomes [10] . In the Pre-Ensemble Lamprey Genome database, lamprey TLR2d, 3, 14c, 8 22, and 24d contain several introns in coding regions, while TLR2a, 2b, 14a, 14b, 21a, 21b, 21c, 9 24a and 24b are intronless. As only partial sequences for TLR2c, 5, 7, 8a, 8b, 14d, and 24c were 10 obtained from the genome database, it was impossible to conclusively determine if introns were 11 present. Nevertheless, the results infer that lamprey TLRs are encoded by both intron-containing 12 and intronless genes, as is the case in teleosts [10] . 13
Using the SMART program, typical TLR structures of pmTLR proteins were predicted 14 ( Fig. 1 ). Almost all proteins consisted of multiple LRRs in the N-terminal region and a single 15 TIR domain in the C-terminus, split by a transmembrane domain. Although we failed to detect 16 the N-or C-terminal regions in several pmTLRs, their mRNAs, except for TLR24c, were 17 detected by RT-PCR, suggesting that the mRNAs of these pmTLRs are present as complete 18 forms but their signal peptides and N-terminal LRRs could not be detected in the SMART 19 browser. The size and number of the LRRs in each pmTLR were similar to the TLR counterparts 20 of T. rubripes (Fig. 1) . 21
Phylogenetic analysis of TLRs 23
To examine the relationships between vertebrate (human, mouse, chicken, xenopus, 24 zebrafish, fugu, and lamprey) TLRs, a phylogenetic tree was constructed based upon the TLR 25 sequences using the Clustal X and MEGA programs (Fig. 2) . Phylogenetic analyses, which 26 included the cytoplasmic TIR and extracellular LRR-regions, were performed as described 27 previously [21] . The constructed tree revealed the presence of several TLR subfamilies in 1 pmTLRs: single clades were formed with TLR2a-b, TLR14a-c, TLR7/8a-b, TLR21a-c, and 2 TLR24a-b. It is possible that each subfamily diverged through gene duplications that occurred 3 after lampreys separated from the ancestor of common vertebrates. 4
There appeared to be a distinct cluster of pmTLR24, which formed a distinct clade from 5 TLR2 and TLR1, 6, 10 in jawed vertebrates and the TLR14 subfamily. It is likely that the 6 lamprey TLR2 subfamily expanded in a lamprey-specific manner. TLR14d was identified as an 7 ortholog of TLR14 of jawed vertebrates with a high bootstrap value, forming a clade with the 8 teleost TLR14 subfamily. In contrast, pmTLR14a-c showed a high similarity to ljTLR14a/b as 9 indicated by their bootstrap values, suggesting that lamprey has two types of TLR14 with 10 different primary sequences. 11
Although both pmTLR7/8a and 7/8b were mapped to the TLR7/8 cluster of jawed 12 vertebrates, they separated in lamprey species independently of the divergence of TLR7 and 13 TLR8 in jawed vertebrates. Whether pmTLR7/8a and 7/8b recognize nucleic acid structures 14 with different properties is presently unknown. The pmTLR21a-c genes were in the same cluster 15 as the teleost TLR21 clade, while pmTLR22 was closest to the teleost TLR22 gene. There are 16 only a single orthologs of TLR3 and TLR5 in lamprey ( Fig. 2) , which is consistent with a 17 previous report on vertebrate TLR phylogenetic analysis [24] . An examination of the tree 18 suggests a rationale that lamprey TLRs correspond to the jawed vertebrate TLR orthologs ( Fig.  19 2). The loci of these genes did not suggest that gene duplications simply occurred in the region 20 resulting in two tandem sets of pmTLR14 and pmTLR24; the splitting of tandem genes may 21 have occurred during the long history of the lamprey. The phylogenetic analysis based on their 22 amino acid sequences reinforced the differential clustering of these TLR clades, which was 23 likely rooted in the 'TLR big-bomb' which occurred ~600 million years ago [11] . other jawed species with a high bootstrap support ( Fig. 3B ). From the observed amino acid 11 identities between lamprey and jawed vertebrate TICAM genes, pmTICAM-1b was more 12 similar to jawed vertebrate TICAM-1 than to TICAM-2, although pmTICAM-1a was nearly 13 equidistant from all TICAM genes (Table 4) libraries were constructed from the eye, brain, gill, intestine, kidney, liver, muscle, skin, heart, 20
and peripheral blood leukocytes (PBLs) from adult L. japonicum tissues. Each TLR primer set, 21 except for pmTLR14a and b whose sequences were reported earlier [21], was derived from the 22 nucleotide sequences of pmTLRs (Table 3) . Almost all L. japonicum TLR cDNAs were 23 successfully amplified using the sea lamprey primers, demonstrating that the sea lamprey and 24 Japanese lamprey share similar TLR sets with very high homologies ( Fig. 4 ). However, we 25 could not amplify the TLR24c gene using any of the generated primer sets, nor could 26 pmTLR24c be amplified using genomic DNA as a template. Further TBLASTN analysis using 27 pmTLR24a as a query revealed that the N-terminal sequence of the TLR24c gene contained stop 1 codon (data not shown), suggesting that ljTLR24c may in fact be a pseudogene, formed during 2 the speciation of P. marinus and L. japonicum. 3
The tissue distribution analysis indicated that every TLR mRNA was detected in each 4 organ subjected to RT-PCR analyses (Fig 4) , although the level of expression differed among 5 individual organs. All amplicons were sequenced and compared with sea lamprey TLR 6 sequences by BLASTN analysis which revealed their partial nucleotide sequences were 7 reasonably aligned with those predicted from the sea lamprey TLR genome (data not shown). 8
Most lamprey TLR genes tended to be highly expressed in the gill, kidney, and PBLs. Since 9 these organs were rich in phagocytes and lymphocyte-like cells, TLRs may be dominantly 10 expressed in the myeloid cells. Similarly, pmTICAM-1 adaptors were also expressed in the gill, 11 kidney, and PBLs. Interestingly, pmTICAM-1a was predominantly expressed in the gill and 12
PBLs, whereas pmTICAM-1b with the RHIM domain, was predominant in the kidney. 13
The ljTLR mRNA levels in PBLs were up-or down-regulated in response to polyI:C and 14 heat-killed E. coli, which contain PAMPs ( The prominent characteristics of the lamprey TLR system as compared to the teleost 2 TLR system, are outlined below. We found three types of TLRs from the TLR2 subfamily in 3 the lamprey, which correspond to TLR24 (pmTLR2a-d), TLR14 (pmTLR14a-c), and the 4 ortholog of jawed vertebrate TLR14 (TLR14d), forming clearly distinct clusters in the 5 phylogenetic tree. The TLR2 subfamily consists of multiple members displaying wide 6 variability across animal species [27] . Our past studies have shown that members of the 7 chicken and amphibian TLR2 subfamily arose by lineage-specific duplication events [11, 15] . 8
In combination with TLR2, human and mouse TLR1 and TLR6 facilitate the discrimination 9 between triacylated and diacylated bacterial lipoproteins, respectively [7] . In contrast, chicken 10 TLR2 proteins (chTLR1-1,2 and chTLR2-1,2) recognize bacterial lipoproteins and 11 peptidoglycan in a different manner than human and mice [15] . These studies suggest that 12 divergence of the TLR2 subfamily seems to have developed by gene duplication events and 13 have allowed animals to specifically cope with pathogens sharing living environment with 14 them. 15
Similarly, we also identified two TLR7/8 and three TLR21 genes in the lamprey 16 genome. TLR3, 7, and 8, and teleost TLR22 recognize foreign RNA, while TLR9 and 17 chicken TLR21 recognize unmethylated CpG DNAs [28, 29] . Therefore, our analysis 18
indicates that lamprey has developed not only the TLR2 subfamily, but also other TLR 19 proteins which recognize nucleic acids. This then begs the question: what was the original 20 vertebrate TLR system? Table 5 shows a summary of the TLR repertoire present in 21 deuterostomes. The TLR2 subfamily, TLR3, TLR5, TLR7/8, and TLR21/22 are essentially 22 conserved in the lamprey and teleosts, suggesting that lampreys and jawed vertebrates 23 conform to the same TLR family with hybrid M-and F-type TLRs, which may represent the 24 origin of the TLR repertoire in vertebrates. 25
The vertebrate TLR phylogenetic tree in Fig. 2 appears as a star-like tree [13] , and 26 such a phylogram shape suggests that each TLR family was generated at the same time, an alternative origin of mammalian TLRs. In other words, vertebrate TLR proteins did not 8 always recognize just one specific PAMP, but were able to recognize several PAMPs using a 9 single type of M-type TLR [20] . The gain or loss of these TLRs may have occurred during 10 the evolution of vertebrates, although it is also possible that differential environmental 11 factors promoted TLR divergence for animals to survive against microbial milieu, which 12 although interesting to speculate, is beyond the scope of this analysis. 13
Our database analyses failed to identify orthologs of TLR4, 9 and 15, nor the 14 TLR4-related genes, CD14, MD-2, and TIRAP in the Pre-Ensemble Lamprey Genome 15
Browser database ( Table 2) . Absence of orthologs of CD14, MD-2 and TIRAP in lamprey 16 may reflect the lack of a TLR4 system in lamprey as well as in teleosts and amphibia [11] . It 17 has long been established that teleosts are resistant to toxic effect of LPS. Recent study 18
shows that zebrafish TLR4 acts as a negative regulator for NF-κB-signaling pathway, not for 19 recognition of LPS [30] . Hence, these observations indicate that first the TLR4 gene arose in 20 jawed vertebrates as a negative regulator of NF-κB-signaling pathway, and then it may have 21 gained the function of LPS recognition with CD14 and MD-2 in an ancestor of amniota. 22
Additionally, we identified two TICAM genes, named TICAM-1a and b, in the lamprey 23 genome. A previous study indicated that mammalian TICAM-1 and 2 genes resulted from 24 two rounds of genome duplication, termed the 2R hypothesis, in early vertebrate evolution 25 [26] . In this hypothesis, one of the ancestral TICAM genes was lost after the first round of 26 genome duplication, while after the second genome duplication, the TICAM-1 and 2 genes 27 appeared. Although the timing of the genome duplications is still unclear [24,31], 1 preliminary analyses of HOX gene clusters indicates the first round of genome duplication 2 occurred in a common ancestor of jawed and jawless vertebrates [32] . In our analysis, 3 pmTICAM-1b was identified as the ortholog of jawed vertebrate TICAM-1, whereas 4 pmTICAM-1a did not show clear similarity to either TICAM-1 or TICAM-2. It is possible 5 that pmTICAM-1a represents an ancestral gene of TICAM-2 that occurred during the first 6 genome duplication event without gene loss. There are many TLRs binding to TICAM-1 in 7 teleosts [28, 33] , and TICAM-1a and b might have diverged due to the necessity for 8 differential signaling of TICAM-associated TLRs in the lamprey. 9
Although the orthologs of nucleic acid-recognizing TLRs were predicted in the 10 genome and confirmed by RT-PCR, no genes related to type I IFN induction except for the 11 antiviral Mx gene were identified in the lamprey. While RIG-I/IPS-1, TBK1/IKKε and 12 IRF-2, 4, 5, and 8 are present, genes corresponding to IRF-1, IRF-3, IRF-7, and type I IFN 13 are not conserved in the lamprey genome ( Table 2) . The presence of the IFN-inducing 14 pathway in lamprey is controversial as whole genome sequencing projects in ectoderms and 15 primitive chordates, including sea urchin, amphioxus, and ascidian, have revealed the lack of 16 type I IFN and its essential transcription factors, IRF-3 and IRF-7 (Table 5) In agnathans, which includes lamprey and hagfish, clonally diversed receptors are generated 25 by the assembly of genes for VLRA and VLRB, which are comprised of leucine-rich repeat 26 (LRR) subunits and an invariant membrane-proximal stalk region [4, 37] . Interestingly, the 27 variable VLRA and VLRB products consist of a number of LRR motifs representing soluble 1 forms and membrane-bound forms, respectively [38] . Hence, the VLR-expressing 2 lymphocytes are similar to authentic B and T cells in jawed vertebrates. Our study indicates 3 that VLR-based acquired immunity may be regulated by TLRs with IFN-independent 4 systems in jawless vertebrates. Functional analyses of lamprey TLRs need to be conducted in 5 the future. 6
We can speculate from the current results that both water and land vertebrates possess 7 common TLR proteins that may participate in the recognition of common PAMPs [39] . 8
Indeed, lamprey also expresses a set of TLRs as in fish despite their evolutionary separation 9 approximately 500 million years ago. The present results allow us to surmise that the TLR 10 orthologs in lamprey and mammals recognize common PAMPs for host defense. The TLR 11 system may serve to protect lampreys from infections despite the fact that their acquired 12 immune system is modally different. 13 14 Acknowledgements 15
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